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Abstract
For self-sampling or collection of blood by health personal related to point-of-
care diagnostics in health rooms, it may often be necessary to perform automatic
collection of blood samples. The most important operation that needs to be done
when handling whole blood is to be able to combine automatic sample collection with
optimal mixing of anticoagulation liquid and weak fixatives. In particular before
doing any transport of a sample or point-of-care nucleic acid diagnostics (POCNAD)
it is very important to fix the gene expression at the time of collection. It is also
important to concentrate and separate out the white blood cells of interest from the
whole blood before further detection. An automatic sample collection module with
a microneedle array in combination with a micromixer is proposed for the blood
collection in typical nurse or health rooms. An automatic human blood preparation
module is also suggested that could be used for pre-mixing, concentration and lyses.
Despite that the concept of microneedle has been intensively studied since several
decades ago, the fabrication still remains very challenging. Major challenges concern
the high aspect ratio of microneedle structure. In addition, the microneedles have to
be sufficiently strong to avoid fracture and cracks during practical implementation.
The other challenge with small microchannel dimensions on a chip is the lack of
turbulences (including fluids that operate with Reynolds number smaller than 2000).
Hence a long mixing length is required for good mixing quality.
This doctoral thesis focus on the following challenges: (i) design and optimize a
continuous concentration and separation unit, (ii) optimize and improve the fabrica-
tion process of high aspect ratio metallic microneedle, (iii) develop and investigate
the mixing performance of a passive planar micromixer with ellipse-like micropillars,
(iv) integrate and demonstrate the pretreatment system.
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Article I reported the design and optimization of non-clogging counter-flow mi-
croconcentrator for enriching epidermoid cervical carcinoma cells. The counter-flow
concentration unit with turbine blade-like micropillars were proposed in microcon-
centrator design. Due to the organization of these micropillar units the functional-
ity cause a unique system of continuous concentration and separation. Due to the
unusual geometrical-profiles and extraordinary microfluidic performance, the cells
blocking does not occur even at permeate entrances. The excellent concentration
ratio of a final microconcentrator was presented in both numerical and experimental
results.
Article II proposed a simple and low cost micromixer for laminar blood mixing.
The design of micromixer unit was modified from the counter-flow concentration
units which mentioned in Article I. The efficiency of the splitting and recombi-
nation (SAR) micromixer was examined by theoretical methods, including finite
element method and verified by measurement results. Numerical results show that
micromixer with ellipse-like micropillars have a well mixing status when its mixing
efficiency is higher than 80% as Re 6 1.
Article III presented that the efficiency of the SAR micromixer for cell lysis.
Some bacteria, especially gram-positive, may be difficult to lyse with conventional
lysis buffer. If the cells are not properly lysed, the quality of the analysis results
might suffer. With a splitting and recombination concept, homogeneous mixing can
be obtained in short distance. Hence, the quality of the sample after lysis for further
process (Nucleic Acid Purification, Nucleic Acid Sequence Based Amplification) is
also improved. The treatment in the SAR micromixer is comparable lysis by long ul-
trasound exposure. Hence, SAR micromixer proved to be a good alternative method
for cell lysis. Moreover, SAR micromixer has the advantage that it can easily be
integrated into an automatic system for lysis and sample treatment.
Article IV investigated the mixing performance at the outlet of SAR micromixer.
The outlet channel of SAR micromixer was split into four sub-channels. Absorbance
testing was used to implement to evaluate the outlet concentration of four sub-
channels. The homogeneous of fluids are varied with the inlet velocities.
Article V presented the optimized fabrication process of the template of ex-
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tremely long microneedles for blood extraction. Backside lithography with a UV-
light source was employed to build the high aspect ratio SU-8-based microneedle
template. Some major challenges on fabrication process were also shown and dis-
cussed in this article.
Article VI covers a total process chain from design, fabrication to performance
evaluation of the hollow microneedle design. The contribution of this article is a
highly applicable theoretical model for the microneedle geometry. The proposed
model has been developed to predict the fracture forces. A good agreement was
observed between the results obtained from analytical solution and practical mea-
surements of fracture force.
iii
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Outline of the thesis
The thesis is organized based on the articles. The first chapter “Introduction”
presents the current status and scope of the research, as well as the motivation
for conducting the investigations. In chapter 2, “Summary of the articles”, six
articles are briefly described and discussed, and each article represents a stage of
the work. The full-length articles are enclosed at the end of the thesis. In chapter
3, “Conclusion”, the scientific contributions of this work are summarized.
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Chapter 1
Introduction
1.1 Background
Most of older people in Norway live in their own home. Some receive services 24
hours a day from the municipality, including practical help (shopping, cooking and
washing) and home nursing care, but other manage their daily living on their own.
When they are no longer able to take care of themselves, they move into a nursing
home. Overall only 20% of elderly people were patients in nursing homes and 80%
received home based care [1]. Whether they use services from home based care or
nursing home, they may face up to age-related diseases and/or other serious diseases.
Early diagnosis or detection plays important role for preventing complications, it
greatly increase the chances for successful treatment. But the patients, especially
elderly patients, often ”lost” due to the great distance between diagnostics facilities
and home as well as delays in returning results. Medical tests need to be moved
closer to the site of patient care (point-of-care, POC) so patients can get their results
conveniently and quickly [2]. This approach reduces turnaround time, fewer hospital
visits and has a significant advances in public health due to the regular convenient
monitoring at home for the elderly and chronically ill.
Motivated by the valuable advantages of pre-cancer detection, SelfPOCNAD
(www.selfpocnad.eu) project develop a screening system against invasive cervical
cancer which can be carried out at point-of-care. The system includes a container
1
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for home-based self-collection and hands-free automatic diagnosis at the doctor’s
office. Therefore, the system is dedicated to performing primary screening within
the primary health care independent on the clinical laboratory or hospital facilities.
Although the original concept was designed for cervical cancer screening, this plat-
form may also be used for diagnostic of other blood-related disease. As a part of
SelfPOCNAD project, this thesis aims to build a pretreatment system which is an
automatic sample collection module with a microneedle array in combination with
a micromixer is proposed for the blood collection in typical nurse or health rooms.
1.2 Review of previous similar studies
1.2.1 Microneedle
The hypodermic needles are widely used in medical treatment and estimated
to about 16 billion injections administered per year worldwide [3]. Hypodermic
needles are available in a wide range of lengths and gauges which range from gauge
7 (the largest) to 34 (the smallest), equivalent to outer diameter of 4.572mm and
0.1842mm, respectively. Traditionally, the hypodermic needle is the most effective
means either for delivery of drugs, vaccines, and other substances into the body, or
for extraction of fluids and tissue from the body [4]. However, the pain, anxiety,
needle-phobia, and difficulty of use have made hypodermic needles not very popular
with children and adults alike [5, 6]. Therefore, painless and more user-friendly drug
delivery systems are the main idea and driving force of developing microneedles [7].
Another motivation is that microneedles are really indispensable for wearable drug
delivery and health monitoring system that are being developed elsewhere.
Due to the way of fabrication, microneedles can be classified into two types: in-
plane microneedles (longitudinal axes of the needles are parallel to the substrate)
and out-of-plane microneedles (longitudinal axes of the needles are perpendicular to
substrate). For the in-plane type, lithography process is used to define the width,
length, shape and tip of the microneedles. For the out-of-plane type, the micronee-
dles protrude out of the substrate surface. The length and shape are not directly and
2
N.M.Tran:Design, fabrication of automatic human blood sample collection & preparation devices
easily defined by lithography process as for the in-plane type, but the out-of-plane
microneedles are easier to be fabricated in arrays. Major challenges of fabrication
of this type concern the length and the high aspect ratio structure [8].
In-plane hollow microneedle
In 1999, Pisano’s team reported the in-plane microhypodermic needles which are
fabricated in 1, 3, and 6 mm lengths (Fig.1.1a) [9]. These needles are fabricated
by a combination of surface- and bulk-micromachining techniques. It is possible
to integrate the microneedle with on-board fluid pumps for programmable drug
reconstitution and delivery systems [10]. In order to produce the higher biocompat-
ibility needles, Pisano’s team applied investment molding technique (a combination
of injection molding and investment casting) to create in-plane hollow polymer mi-
croneedles [11].
Frazier’s team described the hollow metallic microneedles with different tip ge-
ometry and taper angles [12, 13]. Micromachining technologies were used for batch
fabrication of both of single microneedle and an array of microneedles. They stated
that the microneedles with a tip taper angle of 30◦ is the most robust for the purpose
of insertion.
Oka et al. developed a miniaturized needle which has a jagged shape like a
needle of a mosquito (Fig.1.1c) [14]. Thus, this design can reduce the pain and fear
of human being when they are pricked by a needle in a blood test. Moreover, this
kind of design has a merit of decreasing the contact area between the surface of the
needle and the dermis of a skin during insertion.
Paik et al. demonstrated an in-plane single-crystal-silicon microneedle array
which is integrated with a polydimethylsiloxane (PDMS) microfluid chip (Fig.1.1d)
[15]. The microchannels of needles are fabricated by using the processes of anisotropic
dry etching, isotropic dry etching, and trench-refilling. Paik et al. also proved that
needles with 30◦ isosceles triangle tip is the most robust against breakage when they
can endure 0.248mN of out-of-plane bending moment and 6.28N of in-plane buckling
load.
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Figure 1.1: In-plane hollow microneedles. (a) Top view showing the tip end of a
microneedle fabricated by Pisano’s team [9], (b) Three needles in a five-needle array
fabricated by the Frazier’s team [12, 13], (c) Optimal microscope photograph of
negative groove [14], (d) Integrated microneedle array by bonding of a microneedle
and a PDMS microfluid chip [15]
Arrays of solid out-of-plane microneedles
Campbell et al. introduced one of the first array of solid needles (Fig.1.2) [16].
This ”three-dimensional” array comprises 100 penetrating intracortical electrodes
which used for chronic intracortical stimulation. The fabrication process of this kind
of microneedle array includes the dicing with a saw and two steps of wet etching.
Figure 1.2: Scanning electron micrographs shows side view of columns fabricated by
Campbell et al. [16]. (a) after the dicing saw, (b) after the dynamic etch, and (c)
after the static etch
Griss et al. manufactured an array of micro-dimensioned, very sharp spiked
electrodes which allows high quality recording of low level biopotentials [17]. The
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fabrication process is a combination of three-step-deep reactive ion etching (DRIE)
and KOH wet etching process. With the length of 160µm, the spikes can pierce
the outer skin layer (stratum corneum) in order to circumvent the high impedance
characteristics of the stratum corneum. Thus, skin preparation is not needed. One
year later, Griss et al. proposed a new design of spiked electrodes [18]. These barbed
spikes penetrate a material and offer resistance to detaching forces. The goal of this
work is to attach the micromachined electrodes to the skin without the need of tape.
Hanein et al. successfully fabricated the prototype of high-aspect ratio sub-
micrometer silicon needles for intracellular applications [19]. Firstly, the pillars
are created using DRIE process (Fig.1.3a). Then, the sharpening of the pillars is
achieved by reactive ion etching (RIE) (Fig.1.3b).
Mitsuhiro Shikida et al. developed a new fabrication process for pen-shaped
microneedle structures [20]. The process based on saw dicing and anisotropic wet
etching (KOH etching). Making arrayed microneedle structures on a silicon wafer
without photolithography or expensive plasma-based equipments reduces the pro-
duction cost of the devices.
To provide additional safety, biocompatible and biodegradable microneedles,
Park et al. used the mold-based fabrication methods which are expected to be suit-
able for inexpensive, mass production [21]. Mechanical tests in their study also indi-
cated that biodegradable polymer microneedles have sufficient mechanical strength
to insert into the skin with a wide safety margin.
Figure 1.3: 230µm tall RIE-sharpened silicon needle [19]. (a) after DRIE, (b) after
RIE
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Arrays of hollow out-of-plane microneedles
Based on the ideal of hollow microneedle that might exhibit in the same path-
way as conventional hypodermic needles for interstitial fluid and blood collection.
Recently, a few demonstrations of an invasive transdermal collection of interstitial
fluid and blood have been reported.
In 2003, Griss et al. introduced the first hollow out-of-wafer-plane silicon mi-
croneedles that have openings at the shaft rather than at the tip apex [22]. The size
and position of the side openings can be modified by altering the process parameters
and not by specific mask design. Griss et al. also demonstrated that microneedles
having openings in the shaft allow a large area of liquid exposure to the skin. The
mechanical strength of the needle arrays was found to be high when penetration and
removal to and from the skin did not result in the destruction of the needles.
Figure 1.4: No damage on the side-opened microneedles after penetrating to 10µm
thick aluminum foil [22]
One year later, Mukerjee et al. successfully demonstrated the piercing of the
protective stratum corenum layer of the skin with their proposed microneedles [23].
The fabrication process includes a combination of dicing technology, DRIE process
and isotropic etching. The height and center-to-center spacing of microneedles are
250-350µm and 300µm, respectively. Mukerjee et al. shown that no blood extrac-
tion, but interstitial fluid can be extracted to the target microchannel with only
a capillary force. Moreover, there is no needles breakage during the skin insertion
tests.
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Based on the combination of isotropic and anisotropic etching, Stoeber et al.
reported their process to build the single crystal needles which help to inject of
insulin and other agents more efficient [24]. In order to validate the process, Stoeber
et al. injected the blue ink into a chicken thigh through a single microneedle with a
sharp tip.
A novel fabrication technology for painless microneedle array with Poly(methyl
methacrylate) (PMMA) was demonstrated by Moon et al. [25]. The inclined LIGA
process provides sufficient mechanical strength, height and sharpness to out-of plane
microneedle array structure than conventional silicon based microneedle array. The
PMMA microneedle arrays used in their study is 900µm in height, 470µm in base
and 750µm in array space. After the needle penetrates the skin, the whole blood is
drawn into the skin surface. The puncture of the skin is found to be painless and
without any remaining damage.
In another study, Davis et al. developed a modified-LIGA process to micro-
machine molds out of polyethylene terephthalate in order to achieve a simple and
robust fabrication process suitable for inexpensive mass production [26]. By using
a pre-fabricated polymer molds, a 10µm-thick nickel layer was electroplated onto a
conductive seed layer (Ti-Cu-Ti: 35nm-650nm-35nm). Mechanical testing showed
that the arrays containing 16 microneedles measuring 500µm in length with a 75µm
tip diameter were sufficiently strong to pierce the living skin without breaking.
Figure 1.5: Metallic microneedles. (a) 500µm tall tapered electroplated Ni micronee-
dle array fabricated by Davis et al. [26], (b) 400µm tall hollow cylindrical metallic
microneedles fabricated by Kim et al. [27]
Similarly, Kim et al. introduced a process to fabricate electroplated Ni micronee-
dles based on a pre-fabricated SU-8 molds [27]. To obtain the SU-8 molds, backside
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SU-8 exposure was conducted on a glass substrate to form 400µm tall tapered SU-8
pillar. A 20µm-thick electroplated Ni layer was performed onto the SU-8 pillar, the
tips were then opened by mechanical polishing.
Another way to construct a polymer mold for fabrication of metallic micronee-
dles was reported by Hyungil Jung’s team [28, 29]. 2000µm tall SU-8 pillars were
built by drawing lithography technique (Fig.1.6a). Nickel was electroplated on SU-8
pillars which conducted by 0.5M Tollens’ reagent. Practical tests on the extraction
ability were conducted on the tail artery of the mouse (Fig.1.6b). The experiments
showed that their proposed microneedle was able to collect a 20µl volume of mouse
blood. They also pointed out that for blood-sampling on human fingers, the most
important geometrical factor is microneedle length (around 1500µm), along with the
requirements of hollow structure and sharp tip.
Figure 1.6: (a) A 3×3 array of hollow microneedles with a length of 2000µm and
an inner diameter of 20µm [28], (b) Injection of microneedle into the tail artery and
illustration for the extracted blood [29]
1.2.2 Micormixer
The aim of microfluidic mixing is to achieve a thorough and rapid mixing of
multiple samples in microscale devices. In general, micromixers can be classified
into active micromixer and passive micromixer. In the mixing process, active mi-
cromixers require external disturbance effects such as pressure, temperature, elec-
trohydrodynamics, dielectrophoretics, electrokinetics, etc. Hence, the structures of
active micromixers are often complicated. In contrast to active micromixer, a pas-
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sive type requires no external energy. The normal mixing process within a passive
micromixer is slow and entirely dependent upon molecular diffusion [30, 31].
Active micromixers
Based on ultrasonic vibration technique, Yang et al. reported an ultrasonic mi-
cromixer for continuous flow [32]. This kind of micromixer is used for integrated mi-
crochemical synthesis systems or for micro total analysis systems. This micromixer
has a vibrating membrane connected to a piezoelectric lead-zirconate-titanate (PZT)
bulk. The mixing performance is greatly improved when the PZT is excited.
Tsai et al. proposed another active micromixer including a thermal bubble actu-
ated nozzle-diffuser micropump, a meander-shape liquid mixing channel and a gas
bubble filter (Fig.1.7) [33]. The mixing process was accelerated with the intrinsi-
cally oscillatory flow generated by the bubble actuated nozzle-diffuser micropump
and the ”Y-shape” injection junction.
Figure 1.7: The active micromixer proposed by Tsai et al. [33]
In order to reduce the mixing length, Bottausci et al. introduced an ultrashort
micromixer which includes one main channel and three pairs of secondary channels
[34]. Three secondary channels are positioned perpendicular to the main channel to
drive the fluid motion at specified amplitudes and frequencies of oscillating pump.
Bottausci et al. also reported that the completely mixing is achieved at mixing
length of 200µm for 10ms.
Yu et al. developed a novel design of active micromixer using external energy
source to improve the mixing efficiency (Fig.1.8) [35]. It is composed of a main
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microchannel and a nanojunction connecting in between the microchannel. The
mixing mechanisms are based on the combined effects of bulk electro-osmotic flow
and vortical flow created by the non-equilibrium electrokinetic effect near the nano-
junction. The mixing efficiency can be achieved at 90% in a fast and controllable
manner.
Figure 1.8: Active micromixer using external energy source proposed by Yu et al.
[35]
Applying an external gas pressure driving force to open chamber of PMMA-based
micromixer, Fu et al. reported that the chaotic vortex structure was generated in
both open and sealed chamber (Fig.1.9) [36]. Thus an efficient mixing of the two
species occurs. It has been shown that given a gas driving pressure of 1.5kg/cm2, a
reaction ratio of 99.9% is achieved within 6s.
Figure 1.9: Chaotic vortex micromixer fabricated by Fu et al. [36]. (a) Overview,
(b) Side view
Passive micromixers
The mixing of the passive microfluidic mixer is based on several main principles:
(a) laminar flow [37, 38], which is used in the T-mixer [39]; (b) chaotic mixing by
eddy formation [40]; (c) splitting and combination [41].
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T-shape micromixers was fabricated and tested by Wong et al. [39]. Basically,
mixing of two streams flowing side by side in a microchannel at low flow rates is
effected purely by diffusion. Wong et al. demonstrated that the presence of small
z velocity components in the flow of liquids and asymmetrical flow velocities in the
inlet channels, as well as the dissimilar viscosity of the two liquids results in swirling
flow that enhances the mixing performance.
Based on the principle of flow lamination, Bessoth et al. demonstrated a new
design of passive micromixer which significantly decrease mixing times [38]. The
micromixer is made up from a glass/silicon/glass sandwich. On the frontside of
silicon wafer (layer 1), liquid A is rearranged in alternating thin laminae. On the
other side (layer 2), liquid B is split into the same number of partial flow. The
liquid B is introduced to layer 1 via nozzles and mixed with liquid A. Fluorescence
quenching experiments show that this micromixer can achieve 95% mixing within
15ms.
Figure 1.10: Flow visualisation in micromixer fabricated by Bessoth et al. [38]
Another design based on the concept of splitting and recombining laminar fluid
streams was proposed by Chung et al. [42]. The proposed micromixer includes four
rhombic mixing units with turning angle 60◦ and a converging-diverging element.
High mixing efficiency over 90% can be achieved at both operation windows of
Re ≤ 0.1 and Re ≥ 80. In another study, Chang et al. proposed the advanced
rhombic micromixer with branch microchannels for good mixing with low pressure
drop [43]. In the junctions of branch channels, Dean vortices and planar vortices
were created to improve the mixing efficiency.
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A new passive micromixer based on the concept of unbalanced splits and cross-
collisions of fluid streams was designed and fabricated by Ansari et al. [44]. The
micromixer consists of two sub-channels of unequal widths which repeatedly undergo
splitting and recombination. The difference in the rate of mass flow in the two
sub-channels creates an unbalanced collision of the two fluid streams. Thus, the
mixing was mainly due to the combined effects of unbalanced collisions and Dean
vortices. Ansari et al. also concluded that the highest mixing performance at
Reynolds numbers larger than 20 when the width of the major sub-channels is twice
that of the minor sub-channels (i.e. w1/w2 = 2.0).
Afzal et al. suggested an optimal micromixer based convergent-divergent chan-
nel walls having sinusoidal boundaries in order to increase the mixing efficiency
[45]. Their numerical simulation results indicate that secondary motions appear the
sub-channels and throat of the convergent-divergent walls significantly affect mix-
ing behavior. In this study, Afzal et al. compared the mixing performance of the
proposed micromixer with a straight-channel and the circular micromixer based on
unbalanced split and collisions which was proposed by Ansari et al. [44]. The com-
parison shows that the proposed micromixer demonstrates significantly improved
performance over a wide Reynolds numbers range.
Since the mixing performance is governed by the slow diffusive mass transfer in
the passive micromixer, chaotic advection can be employed to improve the mixing
efficiency. The chaotic advection is created in three-dimensional geometry with
the combination of splitting-recombining (SAR), stretching-folding, twisting, and
breaking of fluid flows. Various micromixer structures were proposed to obtain
chaotic advection such as 3D SAR [46, 47], horizontal and vertical weaving (HVW)
micromixer [48] (Fig.1.11), grooved micromixer [49], and 3D curved channels [50].
Although having an effective mixing efficiency, the fabrication of those 3D passive
micromixers is complex, i.e. it requires multi-step photolithography and alignment
of multiple layers.
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Figure 1.11: HVW micromixer proposed by Yoo et al. [48]. The (α− 1) and (α− 2)
are upper barriers; the (β − 1) and (β − 2) are lower barriers for mixing
1.3 Aims of the studies
From the literature survey, it was concluded that microneedle and micormixer
may demonstrate remarkable performance related to blood collection, which provides
strong motivation for the large number of researchers currently working in this field.
Preparation of human blood cells is much more challenging task and it has been
more difficult to find concentration and separation unit that may be fabricated.
The main aim of this thesis is to prepare new design and fabrication methods
including some demonstrator in order to improve point-of-care automatic collection,
preparation and diagnosis.
One of the main technical aims of this thesis is to build the high aspect ratio
tapered hollow metallic microneedles array for blood collection. Capillary blood
collection is the preferred method of blood specimen collection for newborns and
infants. Capillary blood collection may also be used for adults in point-of-care
testing where only a few drops of blood are needed. But capillary blood collection
may be inappropriate for patients with poor circulation [51]. Therefore, the proposed
design of 9-microneedle array may help in this situation to obtain larger volume of
collected blood for further process. For the purpose of blood collection, in addition
to the typical requirements of sharp tip, hollow structure, microneedle length is
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required to be longer than 1500µm in order to reach the blood vessels [29]. The
main tasks involved in this aim include the following:
T1. Review of previous studies about microneedles arrays
T2. Investigation of failure mechanisms, including critical buckling load
T3. Optimization of fabrication process of high aspect ratio tapered hollow metallic
microneedles array
T4. Performance evaluation: measurements of fracture force and skin insertion test
Since the whole blood undergoes coagulation few seconds after it has left the in
vivo condition [52], the whole blood has to undergo immediate mixing with other
chemicals for long term conservation of DNA, protein and RNA at room tempera-
ture. Thus, the second main technical aim of this thesis is to build a simple and
low cost micromixer for blood mixing with reduced ability to clog. The main tasks
involved in the second aim include the following:
T5. Review of previous studies about micromixers
T6. Design and optimization of SAR micromixer
T7. Optimization of fabrication process of SAR micromixer
T8. Performance evaluation: verify the accuracy of simulation results of the pro-
posed micromixer model by testing with various complex fluids
The last technical aim of this thesis is to develop the pretreatment system which
is an automatic sample collection and preparation module with a microneedles array
in combination with a micromixer or a microneedles array in combination with
concentration/separation unit and micromixer. The main tasks involved in the last
aim include the following:
T9. Design concept of the pretreatment system
T10. Assembly and leakage inspection
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1.4 Contributions of the thesis
The aforementioned research tasks were all performed together with the indus-
trial supervisor at Department of Micro- and Nanosystems Technology (IMST),
Buskerud and Vestfold University College (HBV). The optimization of fabrication
process of high aspect ratio template for hollow metallic microneedle arrays was
performed in cooperation with the researcher from A˚ngstro¨m MSL Cleanroom Lab-
oratory (Uppsala University, Sweden).
The main scientific contributions of this works are as follows:
C1. A theoretical model to study the fracture forces of microneedle
C2. The optimization of fabrication process of high aspect ratio microneedles array.
(fabrication process of template for microneedle, metal deposition process,
Nickel electroplating process)
C3. The different scientific aspects on how to make the transfer of blood from the
vessels in the finger entering into the microneedle
C4. A simple, low cost and high efficiency SAR micromixer for blood mixing
C5. A demonstration of SAR micromixer for cell lysis
C6. Prototype of pretreatment system with a microneedles array in combination
with a micromixer
C7. Prototype for pretreatment system including a concentration and separation
unit that may be combined with micromixers and a microneedle array
C8. How important it is to optimize the preparation of whole blood using mi-
cromixer after the blood extraction
These achievements have been reported in internationally published conference
and journal papers. A detailed summary of the papers that form the basis of this
thesis is presented in Chapter 2. All manuscripts were diligently prepared by the
candidate with revision provided by the co-authors.
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Chapter 2
Summary of the articles
2.1 Microneedles array
2.1.1 Mechanical design of microneedle
A desired hollow microneedle is illustrated in Fig.2.1. The lumen at the top is
smaller than that at the base gives a sharp and mechanically strong needle.
Figure 2.1: Illustration of a desired hollow microneedle structure with a base plate
(a), and its cross-sectional view (b)
Design parameters of a microneedle are very important for blood extraction due
to the risk of clogging. The design shown in Fig.2.2 has a length Lm of 2000µm,
a diameter of lumen at the top Dt of 100µm and at the base Db of 300µm, and a
thickness Tm of 50µm. The tapered angle (θ) can of course be calculated from all
three mentioned parameters.
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Figure 2.2: Design of a single microneedle
2.1.2 Microneedle strength
The force upon penetration into the skin (Fi) depends linearly to microneedle
tip area (At) as follows [53]
Fi = τGpAt (2.1)
where Gp is the puncture toughness of the skin, τ is the exponential constant. Both
parameters are experimentally estimated to have a value of Gp = 30.1 ± 0.6kJ/m
and τ = 6.25± 0.6mm−1. For calculation of the tip, the interfacial area, that is the
effective area of contact between the needle and the skin, is the annular surface area
(Aa) at the tip
Aa = pi
(
rotTm − T
2
m
4
)
(2.2)
where rot is the outer radius of microneedle tip.
In order to predict the force required to fracture a microneedle based on geometry,
a comprehensive analytical model of failure is needed to estimate the mechanical
behavior of the hollow microneedle of various geometries and materials.
We start with an analytical model for predicting failure of straight columns and
then adapt the solutions to tapered columns containing lumens. The applied force is
assumed to be acted parallel to microneedle axis and thus, the model for prediction
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of fracture is based on analysis of stresses in the structure that may exceed the
ultimate stress of the constituent material and on the risk of buckling caused by
inelastic or elastic instability of the structure. Basically, the column strength can
be divided into three cases: short, intermediate, and long (Fig.2.3).
Figure 2.3: Euler-, Johnson-, and Short-Column Failure Lines
• For very short columns (region 1), the critical load Pcr can be defined as
Pcr = A× Sy (2.3)
• For intermediate length columns (region 2), Johnson’s parabolic formula is
applicable.
Pcr = ASy
[
1− Sy(Le/rg)
2
4pi2E
]
= ASy
[
1− Sy(SR)
2
4pi2E
]
(2.4)
• For long columns (region 3), Euler’s equation is applicable
Pcr =
pi2EA
(Le/rg)2
=
pi2EA
(SR)2
(2.5)
where A is the section area of the column, Sy is the yield strength of the material,
SR = Le/rg is the slenderness ratio. The effective length of the column, Le, and
the radius of gyration of the cross-sectional area, rg, are defined as Le = k.L and
rg = D/4, respectively [54], where L is an actual length, k is the column end fixity
coefficient, D is the column diameter of, and E is the Young’s modulus of the
material.
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To identify the force required for needle buckling the critical slenderness ratio
SRcr is defined as the following equation:
SRcr =
√
2pi2E
Sy
(2.6)
If the slenderness ratio is greater than the critical value then the column is
considered ”long” (region 3) and the Euler’s equation should be used to predict the
critical load. The column is considered ”intermediate” (region 2) and the Johnson’s
equation should be used when the slenderness ratio is between 10 and the critical
value [54].
For a tapered column, the section area A varies depending on the length of the
column. Hence, the buckling formula for a straight column needs to be modified by
introducing an equivalent diameter as in the following [55].
Dequivalent = Dt +
(Db −Dt)
3
(2.7)
Similarly, the buckling formula for hollow cone shaped structures can be obtained
with the following equivalent diameters:
Dinner = Dt +
(Db −Dt)
3
(2.8)
Douter = Dinner + 2Tm (2.9)
These equivalent diameters are used for computing the slenderness ratio and the
critical load from the Euler’s equation and the Johnson’s equation.
2.1.3 Fabrication process of microneedle array
Fabrication of the microneedle template
Because SU-8 is a negative photoresist, and together with the diffraction effect
giving Gaussian distribution of the UV-light intensity when passing through open-
ings in the photomask, backside exposure has to be used in order to generate the
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Figure 2.4: Concept diagram of amount exposure change
cone shaped structures with larger diameter at the base and smaller diameter at the
top [56], Fig.2.4.
Since the SU-8 photoresist must obtain a large enough exposure dose to gen-
erate cross-linking, a test mask with different aperture diameters were designed to
determine the microstructure profiles and lengths. Small apertures generate shorter
structures than that of larger apertures. For optimization of exposure time and
aperture versus height experiments with a photomask containing apertures with di-
ameter of 10 to 200µm, with step 10µm, and 215 to 500µm, with step 15µm were
conducted.
Fabrication process of microneedle templates is summarized in Table 2.1. The
epoxy-type negative photoresist SU-8 2150 (Microchem, USA) was chosen as the
material for the template due to its high Young’s modulus of 4.02 GPa [57]. For
better adhesion with SU-8, the Pyrex glass substrate was treated with acetone,
isopropyl alcohol (IPA) and deionized (DI) water before being dry with nitrogen gun.
Dehydration was then performed on the hot plate at 120◦C for 5 minutes. Before
coating of photoresist, the substrates were treated with oxygen plasma in 5 minutes.
The SU-8 2150 then was injected on the substrate from a syringe that defined
the volume of the photoresist that gave a thickness of a 1500µm (volume-control
method). No spinning was applied for this coating method. Then the substrate
with SU-8 layer was baked on a perfectly leveled hot plate. The SU-8 film was
baked at 65◦C for 10 minutes and then the temperature was elevated 2◦C/min and
maintained at 95◦C for a certain time as shown in Table 2.1.
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Table 2.1: Microneedle template fabrication process details
No. Process description Equipment name Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7
1 Initial cleaning Wet bench Acetone + Isopropyl Alcohol + Deionized water
2 Dehydration Hot plate On hot plate at 120◦C for 5 minutes
3 Plasma cleaning Plasma cleaner Oxygen plasma for 5 minutes
4 Coating resist Syringe 1000µm 1500µm 1800µm 1500µm 2100µm 2100µm 2000µm
5 Soft baking Hot plate
95◦C 95◦C 95◦C 95◦C 95◦C 95◦C 95◦C
4 hours 4 hours 4 hours 4 hours 4 hours 8 hours 4 hours
6 Exposure Mask aligner
20×20s 35×20s 35×20s 35×20s 25×20s 25×20s 35×20s
wait 20s wait 20s wait 20s wait 20s wait 20s wait 20s wait 20s
7 Post exposure baking Hot plate
95◦C 95◦C 55◦C 55◦C 55◦C 95◦C 95◦C
1 hours 1 hours 4 hours 4 hours 4 hours 90 minutes 30 minutes
8a Development Magnetic stir plate 40 minutes 55 minutes 70 minutes 55 minutes 70 minutes 80 minutes
8b Development Ultrasonic bath 30 minutes
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The baked substrate with SU-8 was allowed to cool slowly down on the hot plate
to room temperature by switching off the power to the hot plate. SU-8 layer was
then exposed to UV-light though the photomask with the exposure dose shown in
Table 2.1. After exposure, the sample was heated again at 65◦C for 5 minutes and
95◦C for a certain time, also shown in Table 2.1. This post exposure baking (PEB)
was intended to accelerate the SU-8 polymerization. The sample was then placed
in developer for a certain time, as shown in Table 2.1, to remove the unexposed
photoresist. Finally, the sample was immersed in IPA for 60 seconds and dried with
nitrogen gun.
Figure 2.5: Fabrication process of hollow metallic out-of-plane microneedle, (a) fab-
rication of the template consisting of cone shaped pillars, (b) additional SU-8 layer
was cast on the template pieces to increase the strength of the bond between SU-8
based cone shaped pillars and Pyrex substrate, (c) metal deposition (Electroless
silver plating/Gold sputter coating/Copper evaporation), (d) Nickel electroplating,
(e) opening of the microneedle tips, (d) removing of the microneedle array from the
template
The strength of the bond between the cone shaped pillars of SU-8 and Pyrex
substrate is further improved by casting a 50µm thick layer of SU-8 50 (Microchem,
USA) on the template. This layer was then cured at 95◦C for 5 minutes and exposed
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to 600mJ/cm2 UV-light. The template was completed and ready for fabrication of
hollow microneedles (Fig.2.5b).
Deposition of the conductive seed layer
Due to the insulating polymer template, the conductive seed layer is needed to
perform an electroplating process. In this study, we proposed three methods in order
to obtain the conductive seed layer on the SU-8 based template (Fig.2.5c). They
are electroless plating of silver, copper evaporation, and gold sputter coating.
Electroless plating is frequently required to coat insulators such as glass, ceram-
ics, and polymers with metals. Electroless plating is very effective and suitable for
mass production because the apparatus is simple and it can be done on a com-
plex substrate. To prepare the Tollens’ reagent for electroless plating of silver, first
NH4OH was added into the beaker containing 50ml of 0.1M AgNO3. When a brown
precipitate is formed, NH4OH is continuously added until the solution becomes clear.
Next, 25ml of 0.8M KOH was added into this solution. Subsequently, NH4OH is
again added into the solution until it becomes clear. In order to deposit the silver
layer, microneedles template (protected by tape on the backside) was placed in the
beaker containing 5ml of dextrose solution and 25ml of Tollens’ reagent. The solu-
tion turns cloudy before silver begins to form on the microneedles template. This
process takes a couple of minutes. The microneedles template with silver layer was
then rinsed with DI water.
For copper evaporation, 10nm thick chromium layer was deposited on the tem-
plate by Thermal Evaporator (MiniLab T25M, Moorfield Associates, UK) in order
to increase the adhesion between SU-8 photoresist and copper material. The depo-
sition rate of chromium is 0.03nm/s. Then, 500nm thick copper layer was deposited
with a rate of 0.28nm/s.
For gold coating, 4-time inclined sputtering process was performed with Au
Sputter (VG microtech, UK) to assure that gold material is covered on the whole
template. Since 2000µm length microneedles array has 1500µm center-to-center
distance, the 35-degree inclined chuck was used for this process.
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Deposition of nickel layer
Nickel is inexpensive and has a high compressive strength and Young’s modulus
compared with silicon and polymers. Thus, nickel electrodeposition has been used
in numerous applications. In our study, nickel was electroplated onto outer surface
of template to create microneedles as shown in Fig.2.6.
The electroplating was conducted inside the beaker containing nickel sulfamate
solution at 55◦C. The microneedles template was positioned parallel to the pure
nickel anode at a distance 5cm. The power source was adjusted to maintain a con-
stant current density of 10mA/cm2. The process was set to run for 250 minutes,
which resulted in a 50µm thick nickel layer (Fig.2.5d). In order to avoid skin ir-
ritation in individuals with a nickel allergy [58], nickel microneedles can be simply
coated with a 20nm layer of gold to improve their biocompatibility.
Figure 2.6: Schematic of the setup for nickel electroplating process
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Removal of needles from template
The next step is to expose the inner SU-8 photoresist on the top of microneedles
array (Fig.2.5e). This can be done by polishing technique which is proposed by Kim
et al. [27]. However, in this paper, we tried to expose the inner polymer by nipper
under microscope.
Lastly, the metallic microneedle array was obtained after the complete removal
of the SU-8 based template by simply immersing it into the SU-8 Remover (Micro
Chem., USA). After this process, the SU-8 based template was completely removed,
leaving a framework of nickel.
2.1.4 Experimental procedures for needle characterization
Microneedle robustness tests
The robustness setup on Shear Tester (Delvotec 5600, F & K) is shown in Fig.2.7.
The microneedle was mounted on the force driving tip by using a two-side tape. The
movement is precisely controlled by a built-in motor with the resolution of 0.01N.
To measure the fracture force, a rigid cube (1 cm3 cube of aluminum with Young’s
modulus of 70GPa) was used as a penetration object. In order to minimize the effect
of slippery, a thin tape was attached on the side of the aluminum cube. This tape
immobilizes the microneedle tip during measurement. The measurement error due
to slippery thus can be minimized. Failure point was determined automatically by
the system when there is a sudden decrease of applied force.
Microneedle extraction tests
The qualitative and quantitative functional capacity of the fabricated micronee-
dle were characterized by using a fluidic test setup, as shown in Fig.2.8. A fluidic
test setup consists of a syringe pump (Fusion 200, Chemyx Inc., USA) with a blue
food dye (Idun Industri AS, Norway) filled syringe, and a fine flexible tube connect-
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ing the syringe to the packaged microneedle. The packaged microneedle consists
of a housing with a reservoir which was attacked to the single 2000µm tall mi-
croneedle by polydimethylsiloxane (PDMS) holder. The blue dye was driven by a
syringe pump to flow from the syringe to microneedle reservoir and then through
microneedle lumen.
Figure 2.7: Measurement setup with Shear Tester. (a) equipment setup, (b) mi-
croneedle mounted on force driving tip, (c) The test was conducted with an alu-
minum cube as the penetration object
Figure 2.8: A photo showing the fluidic test setup
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2.1.5 Results and discussion
Amount exposure change
Due to the gap constituted by the glass substrate between the photomask and
the photoresist, diffraction phenomena occurs. Diffraction depends on the design
features on the photomask and the substrate thickness. When the design feature
size becomes narrow, the amount exposure decreases. Hence, the structure profile
can be easily controlled by varying the amount of exposure as shown in Fig.2.4
The sample 1 and sample 2 were carried out with the process flow on Table 2.1.
Afterwards, these samples were inspected with an optical microscope (DM 4000M,
Leica microsystem, USA). We observed that the microstructure profile changed when
the aperture size changed. It is easy to change the light intensity distribution from
the Fresnel diffraction region to the Fraunhofer diffraction region when the aperture
size is small. In contrast, the light needs to go through a longer path to change from
the Fresnel diffraction region to the Fraunhofer diffraction region when the aperture
size is large.
Figure 2.9: The microstructures generated by backside exposure lithography. (a)
Overview of microneedle arrays, (b) microneedle base on the glass substrate
Fig.2.9a shows the microstructure profiles for aperture diameters of 10 through
500µm. The fabricated structure looks more like a cylinder than a cone or needle.
Table 2.2 lists all the aperture diameters on the photomask and microneedle base di-
ameters on the glass substrate. In another inspection, we used the scanning electron
microscope (SEM) (Zeiss 1550) to measure the tapered angle of the microstructure,
as shown in Fig.2.10. It was found from Fig.2.10 that the tapered angle is equal to
87.4◦.
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Table 2.2: Aperture and feature size, where the unit of length is the micrometer
A 10 20 30 40 50 60 70 80
F 51.363 58.751 75.821 80.713 92.942 100.279 105.199 124.738
A 90 100 110 120 130 140 150 160
F 141.879 144.304 156.533 180.992 190.791 212.802 225.017 254.367
A 170 180 190 200 215 230 245 260
F 273.934 288.619 303.293 × 349.754 361.992 374.221 406.008
A 275 290 305 320 335 350 365 380
F 408.462 437.804 476.938 486.727 520.963 535.660 540.529 569.900
A 395 410 425 440 455 470 485 500
F 582.114 591.897 604.141 604.141 645.705 662.826 694.634 ×
A: aperture size on the photomask
F: feature size on the glass substrate
×: broken structure
Figure 2.10: SEM image of the 1500µm length microstructure with 140µm aperture
Fabrication of microneedle template
In order to obtain the optimized fabrication process of microneedle template,
we carried out several experiments with samples as shown in Table 2.1. Various
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lengths of microneedle template are controlled by volume-control coating technique.
Fig.2.11 shows the microscope image of the sample 5.
We observed that during development with a magnetic stir plate, the pillars were
deformed and bent due to soft. Since microneedle template have to be fabricated in
the millimeter range in order to reach a blood vessel for blood collection approach,
time for baking is supposed to be longer to reduce the retained solvent level. The
baking time can be reduced with higher baking temperature. We tried to increase
the soft baking time as well as PEB temperature (sample 6). It seems that time and
temperature for baking are not the main reasons for deformation. Moreover, the
unexposed SU-8 becomes more difficult to be developed when the post-baking time
increases. Probably, the time for exposure of the SU-8 layer to UV-light is a reason
for pillars’ deformation. We tried to increase from 25 to 35 circles of 20-second
intervals with 20-second waiting periods in between. The quality of pillars of the
sample 3 and 4 were not changed so much when increasing the exposure dosage.
Figure 2.11: The microscope image of the fabricated template (sample 5)
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We changed the development equipment from magnetic stir plate to ultrasonic
bath and reduced the time for development (sample 7). Fig.2.12 shows the micro-
scope image of the template (sample 7) used for fabrication of microneedles array.
Figure 2.12: A template used for fabrication of microneedles array, (a) a 3.3×3.3cm2
piece containing arrays of cone shaped pillars, (b) a magnified view of the micronee-
dles array at a 45-degree incline
The strength of the bond between SU-8 based cone shaped pillars and Pyrex
substrate is further improved by casting SU-8 50. The quality of SU-8 50 layer was
inspected by coating a thin layer of gold. 10nm thick gold layer was deposited onto
SU-8 50 layer by Thermal Evaporator (MiniLab T25M, Moorfield Associates, UK).
Fig.2.13 shows the top view of microneedle template after depositing gold on sample
3 (Fig.2.13a) and sample 4 (Fig.2.13b).
Figure 2.13: Top view of microneedle templates after gold deposition, (a) sample 3
without oxygen plasma treatment, (b) sample 4 with oxygen plasma treatment
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It can be observed that crack on the gold surface appeared since the sample 3 was
not treated with oxygen plasma. Whereas, the sample 4 was treated with oxygen
plasma (Plasma cleaner Addax) for 5 minutes to ensure that the gold sticks to the
deposited SU-8 50 [59]. Afterward, sample 4 was coated with 25nm of chromium by
thermal evaporation in vacuum before the deposition of 10nm of gold.
Deposition of the conductive seed layer
In order to cover a conductive seed layer on the template of microneedles, we
did the evaporation process of copper material in the vacuum. A copper layer on
the microneedles were inspected by using a 1W LED light placed at the backside
of the microneedles array. The light emitted through the microneedle lumens and
exposed at the opening areas as shown in Fig.2.14a. Although we deposited 10nm
thick chromium layer to improve the adhesion between SU-8 photoresist and copper
material, copper does not present on the wall of some microneedles. The main
reason may be due to microneedle geometry since it has a nearly vertical wall. The
other reason is due to spinning of microneedles template inside the vacuum chamber
during the evaporation process. The template has to be spun in order to obtain
metal deposition from different boats containing different kinds of metal materials.
In our study, Thermal Evaporator (MiniLab T25M, Moorfield Associates, UK) has
an ability to evaporate four kinds of metal materials in the same chamber. Thus,
we can conduct the evaporation of chromium and copper in separated steps without
spinning the sample. But this work consumes the experimental time since it takes
around 3 hours waiting for enough pressure and 1 hour cooling down the chamber in
each evaporation step. The process of silver electroless plating was also performed
on the microneedles template. The microscope images of the inspection are shown
in Fig.2.14b and Fig.2.14c. There are residue of silver covered on the tips and side
walls of microneedles. They can be removed by immersing in DI water, but this
work also removes a silver layer at the other locations. In addition, silver electroless
plating left the rough surface on the base of the template. Whereas, gold sputtering
process shows a better result is not only about the coverage area but also about the
surface roughness (Fig.2.14d). Besides, sputtering is faster than evaporation since
it does not need to consume too much time to wait for enough pressure to operate.
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Figure 2.14: The microscope image of microneedles template after deposition of the
conductive seed layer. (a) copper evaporation, (b) silver electroless plating, (c) gold
sputtering
Deposition of nickel layer
The electroplated nickel constitutes the main structural material of microneedles.
The rigidity and wall thickness of microneedles, as well as the base plate of the array
are precisely controlled by power source. Through a serial of tests, we investigated
the effect of power source on the nickel layer. Since the microneedle has a sharp
tip, the electrons tends to accumulate in greater numbers at the tip. Thus, the
electric field strength at this location is larger in magnitude. This resulted in the
mushroom-like shapes after electroplating the nickel layer with a current density of
50mA/cm2 as shown in Fig.2.15.
Figure 2.15: The microscope image of microneedles template after deposition of
nickel layer with high current density. (a) side view, (b) top view at a 45-degree
incline
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To understand this phenomenon, we considered our microneedle that is nega-
tively charged and has a shape as shown in Fig.2.16. Electrons A and B are located
along a flatter section of the surface. The repulsive forces are directed along a line
connecting electron A and electron B and parallel to the surface. In contrast, elec-
trons C and D are located along a section of surface with a sharper curvature. The
repulsive forces are directed at the sharper angles to the surface. However, just only
the parallel components of these repulsive force cause electrons move and distribute
themselves along the surface until electrostatic equilibrium is reached (parallel com-
ponents are equal to zero). Comparing to electrons A and B on the flatter surface,
electrons C and D can crowd closer together since their parallel components of repul-
sive force are less (Fig.2.16a). Thus, the larger quantity of electron combined with
the repulsive forces directed perpendicular to the surface resulting in the strongest
electric field at the location of greatest curvature (Fig.2.16b).
Figure 2.16: (a) The repulsive force between electrons, (b) The electric field strength
at the location of greatest curvature is larger in magnitude
In order to avoid the mushroom-like shapes (Fig.2.15a), we reduced the current
density from 50mA/cm2 to 10mA/cm2. It needs a longer time to obtain the same
thickness of 50µm. The other method is the elimination of the presence of greatest
curvature. After deposition of the gold layer on microneedle template, we used
Kromets solution (Sunchem AB, Sweden) to remove gold material at the tip of
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microneedle. The SU-8 photoresist located at the tips of microneedles were then
exposed and did not allow nickel electroplating to occur at these locations.
Final metallic microneedle
The metallic microneedle array was obtained after the complete removal of the
SU-8 based template by simply immersing it into the SU-8 Remover (Micro Chem.,
USA). Fig.2.17 shows the single microneedle under microscope and packaged mi-
croneedle. The packaged microneedle consists of a housing with a reservoir which
was attacked to either the single microneedle or the array of microneedles by poly-
dimethylsiloxane (PDMS) holder.
Figure 2.17: The metallic microneedles. (a) side view of single microneedle, (b) top
view of single microneedle at a 45-degree incline, (c) packaged microneedle
Microneedle robustness
For comparing the analytical and experimental data, the ASIC safety factor (SF )
for intermediate length column is introduced into the Eq.2.4 as follows
SF =
5
3
+
3
8
Le/rg
SRc
− 1
8
(Le/rg)
3
SR3c
(2.10)
P ′cr =
1
SF
ASy
[
1− Sy(Le/rg)
2
4pi2E
]
=
1
SF
ASy
[
1− Sy(SR)
2
4pi2E
]
(2.11)
Prior to testing, microneedles were imaged by the optical microscope (DM 4000M,
Leica microsystem, USA) to determine their lengths, inner tip diameters, outer tip
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diameters, inner base diameters, and outer base diameters. Several mechanical tests
were performed on the hollow microneedles. The results are shown in Table 2.3.
It can be observed that the wall thickness of microneedle at the tip area is thicker
than at the base area in the last case of measurement (see Table 2.3). It leads the
failure force is smaller than the other cases. In comparison with the results from
theoretical study, the differences in percentage are 2.07%, 2.18%, and 4.04%. Two
possible reasons for these differences could be calculation and/or measurement er-
rors. Calculation errors are from the theoretical models since these models were
developed based on several assumptions. Measurement errors may be caused by the
effects of slippery and friction on the test object.
Table 2.3: Calculated and measured fracture force on fabricated microneedles
Dit Dot Dib Dob Lm Calculation(P
′
cr) Measurement(Pm) 4(%)
170 273 300 549 1305 18.0560 16.62 2.07
153 365 300 411 1475 21.0579 22.98 2.18
146 244 300 355 1542 7.7021 6.55 4.04
Dit : inner diameter of tip Dib : inner diameter of base
Dot : outer diameter of tip Dob : outer diameter of base
The next section is the testing of skin penetrability on human fingers (Fig.2.18).
For practical evaluation, skin penetrability of the fabricated microneedles was as-
sessed on volunteer’s fingers through two scenarios.
Figure 2.18: Testing of skin penetrability with single microneedle and 3×3 micronee-
dles array
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The first and the second scenario was conducted on a single microneedle and a
3×3 microneedles array, respectively. The fabricated microneedles showed to be able
to penetrate the skin barrier without breaking as shown in Fig.2.18. After pulling
the microneedle(s) out, blood came out and was withdrawn by the microneedle(s).
The configuration of the 3×3 microneedles array has a better opportunity to collect
blood with higher collection efficiency (9 times more effective than one needle).
Microneedle extraction test
The microfluidic characterization was performed in tap water. Blue dye was
successfully ejected through the lumen of the microneedle while it was immersed
in water (Fig.2.19). It can be observed that no leakage at the base of microneedle
during fluidic testing. The driving rate on the syringe pump could be increased to
2ml/min without introducing any visible damage to the packaged microneedle.
Figure 2.19: Fluidic characterization performed in tap water
2.2 Micromixer
2.2.1 Micromixer design
The term ellipse-like micropillar is an element having the shape of an ellipse. As
shown in Fig.2.20, a contour of the micropillar was described as the composition of
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two half ellipses with the left major axis semidiameter a1, right major axis semidi-
ameter a2, and minor axis semidiameter b. It should be noted that the high velocity
region along the two sides of the contour was larger when the length of the left half
axis a1 is not equal to that of the right half axis a2, that is a1 < a2. The optimized
values of the profile parameters are a1 : a2 : b = 5 : 6 : 4. (see Article I )
Figure 2.20
Due to the demand for fast and homogenous mixing, the splitting and recombi-
nation concept is considered in blood mixer design. There are three steps in splitting
and recombination process, flow splitting, flow recombination and flow rearrange-
ment [31]. When the main flow reaches the ellipse-like micropillar, the flow is then
split into two separated flows on the smaller channels. For an incompressible fluid,
equation of continuity (mass conservation of fluid) is defined as [60]
A1u1 = A2u2 (2.12)
Since the cross-section area A2 is less than the cross-section area A1 (see Fig.2.20),
the local velocity u2 will be larger than velocity u1. This phenomenon together
with the high velocity region of ellipse-like micropillar will create high velocity at
the right end of the micropillar’s contour. At the outlet end of the micropillar, two
separated flows in small channels are recombined with high velocity. The contact
interface of fluids is increased throughout each mixing unit so that the mixing effect
is enhanced.
SAR micromixer ellipse-like micropillars for blood mixing includes 3 inlet chan-
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nels (blood sample, anticoagulant solution, PretectTM solution (NorChip, Nor-
way)), one outlet channel, and some mixing units. The geometry of SAR micromixer
with ellipse-like micropillars is shown in Fig.2.21. The geometric size and config-
uration of SAR micromixer with ellipse-like micropillar is shown in Fig.2.22. The
micromixer consists of three inlets and one outlet, with a mixing unit length 450µm.
The simulated SAR micromixer with 10 ellipse-like micropillars has a total length
10mm. The depth of micromixer is 500µm. The outer walls of mixing units are
defined by B-spline curves.
Figure 2.21: SAR micromixer for blood mixing
Figure 2.22: Schematic illustration of the SAR micromixer with ellipse-like micropil-
lars geometry and configuration
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2.2.2 Numerical analysis of micromixer
In this study, computational fluid dynamics (CFD) software, COMSOL 4.3, was
used to solve the governing equations. The governing equations, such as Navier–Stokes
equation, continuity equation, and species diffusion–convection equation can gener-
ally be described by Eqs.2.13-2.15, respectively.
∂u
∂t
+ u · ∇u = −1
ρ
∇p+ v∇2u (2.13)
∇ · u = 0 (2.14)
∂c
∂t
+ (u · ∇)c = D∇2c (2.15)
where u denotes the velocity, ρ the density of the fluid, p the pressure, and v the
kinematic viscosity of the fluid. c and D are concentration and diffusion constant
of the species, respectively.
The variables for the mixing studies are the flow rate corresponding to the char-
acteristic dimensionless number Re (Reynolds number) and number of mixing units
in SAR micromixer. The Reynolds number is defined as
Re =
uLc
v
(2.16)
where Re represents the ratio between momentum and viscous friction, Lc indicates
the characteristic length of the flow. Lc is a ratio of four times of cross-sectional area
to wetted perimeter. According to geometry dimension of our SAR micromixer, Lc
is 285µm.
The Reynolds number is the factor to determine the flow regime. The flow is
considered to be turbulent flow when the Reynolds number is greater than 4000.
For a Reynolds number falling below 2300, the flow is considered as laminar flow.
In the macro scale, a Reynolds number of greater than 4000 can be easily achieved.
In microdevice, the Reynolds number rarely exceeds 2000 [37]. Hence, the mixing
in microchannel is based on molecular diffusion.
It is essential to consider another characteristic dimensionless number Pe (Peclet
number), in order to investigate the efficiency of the SAR micromixer. Peclet number
is defined as
Pe =
uLc
D
(2.17)
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where Pe represents the ratio between the mass transport due to convection and
diffusion. From Eq.2.16 and 2.17, relation between Pe and Re can be derived as
Pe
Re
=
v
D
=
µ
ρD
(2.18)
where µ is the dynamic viscosity of the fluid.
For comparison purposes, water was used as the carrier fluid, so that the dy-
namic viscosity, density, and the diffusion coefficient of fluid at room temperature
(25◦C) are 0.001kg.s/m, 1000kg/m3, and 10−9m2s−1, respectively. Hence, the rela-
tion between Pe and Re can be estimated for water as Pe = 1000Re. The transverse
diffusion time can be estimated by the following equation:
t =
L2c
D
(2.19)
Therefore, the characteristic mixing length of micromixer to obtain the complete
mixing is
L = ut = u
L2c
D
= PeLc (2.20)
Eq.2.20 indicates that the higher is the Peclet number, the more difficult will be
to achieve a complete mixing. Therefore, in the laminar flow regime (Re value is
lower than 2300), the higher Re value makes the mixing less efficient.
To evaluate homogeneity of the fluid, the variance of the concentration is con-
sidered in the simulation.
σ2 =
1
N
N∑
i=1
(c∗i − c∗)2 (2.21)
where N is the total number of sampling points, c∗i and c∗ are normalized concen-
tration and expected normalized concentration, respectively.
In the evaluation process of variance of the concentration, characteristic dimen-
sionless parameter z′/Pe should be included.
z′
Pe
=
z
Lc
D
uLc
=
z/u
L2c/D
=
tflow
tdiffusion
(2.22)
where z is the path length of fluid from the entrance, z′ is a ratio of path length to
the characteristic length of the flow. Thus the parameter z′/Pe is a ratio of the time
for flow in the axial direction to the time for diffusion in the transverse direction.
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The variance of the concentration can be normalized again by mean concentration
and taken square root to evaluating the mixing index:
γ =
√√√√ 1
N
N∑
i=1
(
c∗i − c∗
c∗
)2
(2.23)
The mixing index γ presents perfect mixing with value 0 and no mixing with
the value 1. Mixing efficiency of the micromixer can be calculated by the formula
as follows:
η = 1− γ = 1−
√√√√ 1
N
N∑
i=1
(
c∗i − c∗
c∗
)2
(2.24)
Mixing efficiency ranges from 0.00 (0% mixing) to 1 (100% mixing, full mixed).
The efficiency between around 80% and 100% is acceptable for mixing process ap-
plication.
Multiphysics simulation software (COMSOL 4.3) was used to examine the mixing
performance of the basic T-mixer and SAR micromixer with ellipse-like micropillars
at ten flow rates as listed in Table 2.4.
Table 2.4: Flow rate and Re value of numerical simulation
Flow inlet (ml/min) Velocity (m/s) Reynolds number Peclet number
0.005 0.00083 0.2381 238.1
0.010 0.00167 0.4762 476.2
0.015 0.00250 0.7143 714.3
0.020 0.00333 0.9524 952.4
0.025 0.00417 1.1905 1190.5
0.030 0.00500 1.4286 1428.6
0.035 0.00583 1.6667 1666.7
0.040 0.00667 1.9048 1904.8
0.045 0.00750 2.1429 2142.9
0.050 0.00833 2.3810 2381.0
During simulation, the incompressible steady flow condition was assumed. The
physical properties of water were applied and the diffusion coefficient of the water-
ink mixture is 3.23×10−10m2s−1 [61]. No-slip condition is applied to the boundary
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on the wall. The fixed velocity was set to three inlets. The fixed pressure (p = 0)
was set to the outlet of the micromixer. The normalized molar concentration of the
species was set 1 for inlet 1, 0 for inlet 2 and inlet 3. To investigate the mixing
process, simulations were performed .
2.2.3 Device fabrication and packaging
The microchannel was formed by casting the elastomer on an SU-8 resist mold.
Initially, a bare silicon wafer was cleaned and dehydrated on a hotplate at 200◦C
for 10 minutes. Negative photoresist SU-8 2150 (Micro Chem., USA) was coated
on a silicon wafer with a thickness of about 500µm (Fig.2.23a). The resist must be
soft baked in two steps. In a first step, the temperature of the resist layer should be
increased from room temperature to 65◦C at a rate of 2◦C/min. The resist is heated
at 65◦C for 10 minutes. In the second step, the temperature is increased to 95◦C at
a rate of 2◦C/min. The resist is maintained at 95◦C for 2 hours. Afterwards, the
power of the hotplate can be simply switched off in order to cool slowly down the
wafer to room temperature. The wafer with SU-8 thin film is hardly contacted with a
photomask in Mask Aligner (MA 56, Karl Suss, Germany) and the resist is exposed
to UV-light. The dose of UV-light is 600mJ/cm2. Following the exposure step,
the resist must be heated again. The post exposure baking process also includes
2 baking steps. The resist is baked on a 65◦C hotplate for 5 minutes and on a
95◦C hotplate for 30 minutes. This second heating step is intended to accelerate the
polymerization of the SU-8 layer. The unexposed SU-8 was removed away in SU-8
Developer (Micro Chem., USA) (Fig.2.23b).
Before casting polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, USA)
onto the SU-8 resist mold, the patterned wafer was passivated with tridecafluoro-
1,1,2,2-tetrahydrooctyl trichlorosilane (Sigma-Aldrich Co. LLC, USA) to prevent
PDMS sticking. This step is very important to facilitate easier mold release. Once
the mold was completed, PDMS was mixed at a 10:1 ratio of elastomer base to
curing agent. The polymer mixture was stirred until mixture is ”milky” due to air
bubbles. The PDMS was degassed to remove air bubbles, and poured over the SU-8
mold to achieve a 1mm thickness (Fig.2.23c). The PDMS was degassed again and
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Figure 2.23: Microfabrication of the SAR micromixer
cured at 65◦C for 3 hours on a leveled oven. The PDMS was cut and peeled off from
the SU-8 mold with a tweezers (Fig.2.23d). Both PDMS and glass substrate were
treated with O2 plasma, and placed on a hot plate at 65
◦C for 2 hours to complete
the bonding process.
2.2.4 Test loop and test procedure
Mixing performance tests
Fig.2.24a shows the micromixer designs with single outlet and multiple outlets
for testing the mixing performance. A test loop for the SAR micromixer was set up
with all the components connected by the fine flexible tubes, as shown in Fig.2.25.
The sample fluid was driven by a digital syringe pump, in which the flow rate could
be precisely controlled. During testing, the red food dye (Idun Industri AS, Norway)
and water were pushed into the inlet I1 and the inlet I2, I3 of the micromixer by the
syringe pump, respectively. The specific flow rates of the single outlet micromixer
are shown in Table 2.5.
The homogeneous sample was released from port O, and contained in a plastic
test tube. Afterwards, the sample was transferred into 96-well microplate for con-
ducting an absorbance experiment. A multidetection BioTek (Synergy 2, USA) was
used to determine the absorbance spectrum of a sample solution.
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Figure 2.24: SAR micromixers for testing. (a) single outlet micromixer, (b) multiple
outlets micromixer
Figure 2.25: Experimental setup for characterizing micromixer performance
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Table 2.5: Flow rate of each inlet for absorbance testing
Case I1(ml/min) I2(ml/min) I3(ml/min)
i 0.020 0.020 0.020
ii 0.025 0.020 0.020
iii 0.030 0.020 0.020
iv 0.035 0.020 0.020
v 0.040 0.020 0.020
vi 0.045 0.020 0.020
vii 0.050 0.020 0.020
vii 0.055 0.020 0.020
ix 0.060 0.020 0.020
Cell lysis tests
To conduct isolation of nucleic acids for various molecular biological methods
it is crucial that cells are properly lysed. Especially Gram positive bacteria may
be challenging to break. Therefore, conventional isolation methods have resulted in
poor recovery of nucleic acids from Gram positive bacteria [62, 63]. A test loop for
cell lysis in a continuous mode with the SAR mixer is presented in Fig.2.26.
Figure 2.26: Experimental setup for cell lysis
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The gram-positive bacterium Geobacillus toebii WCH70 (BGSC, Columbus, OH,
USA) was used in this lysis experiment. The specific flow rate and the amount of
lysis buffer and silica beads of each inlet is given in Table 2.6.
Table 2.6: Experimental parameters for cell lysis testing
Case Silica bead (µl) Lysis buffer (µl) Flow rate (ml/min)
I 50 1450 0.5
II 100 1400 0.5
III 100 1400 1.0
IV 100 1400 1.5
V 100 1400 2.0
The samples were collected at the outlet channel. As a positive control, G.
toebii WCH70 was lysed for 10 minutes in an ultrasonic bath. Nucleic acids were
extracted from the control and from each sample using the NucliSENS easyMAG
kit (bioMerie´ux, France). Nucleic Acid Sequence Based Amplification (NASBA,
PreTectTM HPV-Proofer kit, NorChip, Norway), using primers and probe targeting
16S rRNA, was used to determine the effect of the lysis treatments. RNase and
DNase free water was used as a negative control in the NASBA reaction.
2.2.5 Results and discussion
Mixing field and performance
Fig.2.27 shows that the mixing process of the Fluid 1 (red) and Fluids 2 and 3
(dark blue) in the SAR micromixer with 10 ellipse-like micropillars (Re = 0.714).
The concentration field was normalized such that the concentration of Fluid 1 de-
noted a value 1; the concentration of Fluid 2 and Fluid 3 denoted a value 0. We
defined that the mixing region having a concentration between 0.23 and 0.43. The
larger is the mixing region, the better mixing are the fluids. In the flow downstream,
three fluids contacted each other vertically and suffered the effects of separation, re-
combination by the designed structure. Hence, the mixing region was increased.
In order to investigate the action of splitting and recombination, the basic T-
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Figure 2.27: Fluid mixing in SAR mixer with 10 mixing units from CFD simulation
(Re = 0.714)
mixer was chosen to compare with SAR mixer with 10 mixing units. The basic
T-mixer had a main channel of depth 500µm and width 200µm. The total length
of both T-mixer and SAR mixer are 10mm. Fig.2.28 shows the concentration of the
fluid in T-mixer and SAR mixer with 10 mixing units at various Reynolds numbers.
The color of the fluids clearly varied with the increase in mixing distance. For Re =
0.714, the fluids were mixed well in short distance. For higher Reynolds number,
mixing region in SAR mixer is larger than mixing region in T-mixer. It is due to
the presence of ellipse-like micropillars in mixing channel. Flowing downstream, the
fluids mixed rapidly to exhibit a uniform light blue. For Re = 1.429, the fluid was
completely mixed in SAR mixer, whereas mixing of the fluids in the T-mixer was
incomplete.
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Figure 2.28: Visualization of fluid mixing in T-mixer and SAR mixer
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Mixing efficiency
At low Reynolds number, mixing process takes place in microchannel through
molecular diffusion. Fig.2.29 and Fig.2.30 illustrate the variance of concentration in
term of characteristic dimensionless parameter z′/Pe.
Figure 2.29: Variance of mixing of micromixer without mixing unit
Figure 2.30: Variance of mixing of micromixer with 10 mixing units
In order to depict these diagrams, numerical simulations in COMSOL 4.3 were
carried out with various flow rates. Hence, each diagram will represent the mixing
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behavior of each micromixer. Then they can be used to examine which kind of
micromixer is better.
Fig.2.31 shows the comparison of the concentration’s variance between T-mixer
(black squares) and SAR mixer (red circles). It obviously shows that no matter how
far the mixing length or how large the flow rate, variance of concentration in SAR
mixer is always lower than the variance of concentration in T-mixer. Furthermore,
for the same flow rate at the inlets (same Peclet number), variance of concentration
in the SAR mixer after distance 8.58mm (z′=30, Lc=285µm, Pe=1000) is equal to
the variance of concentration in T-mixer after distance 14.25mm (z′=50, Lc=285µm,
Pe=1000). Thus, the SAR mixer is suitable to minimize the space usage for mi-
cromixer on the automatic sample collection module.
Figure 2.31: Comparison of concentration’s variance between T-mixer and SAR
mixer
Fig.2.32 shows the mixing efficiency of T-mixer (no mixing unit) and SAR mixer
with varied number of mixing units (mixing units are arranged equidistantly, see
Fig.2.27) on various cross-sections (different distance from the inlet) at Re = 0.714.
Mixing efficiency of 0 (0%) denoted that the mixing fluids were not mixed at all.
In basic T-mixer, the fluids were not mixed well at the outlet of the channel when
its mixing efficiency is 0.7471 (74.71%) lower than the critical value of well mixing
(80%). SAR mixer with 10 mixing units reaches a critical value of well mixing after
6mm. When Re value was increased to 2.381, mixing efficiency of all mixers is lower
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than the critical value of well mixing (Fig.2.33). It means that the length for well
mixing was increased when Re value was increased, see Eq.2.20.
Figure 2.32: Comparison of efficiency at Re = 0.714
Figure 2.33: Comparison of efficiency at Re = 2.381
Fig.2.34 illustrates mixing efficiency in term of Reynolds number. As the figures
show, the mixing efficiency drops as Re increases, but the rate of decrease in SAR
mixer is lower than T-mixer (no mixing unit).
It should be noted that mixing efficiency is about 80% or more at Re ≤ 1, which
is suitable for mixing application. Fig.2.34c shows that the mixing efficiency of
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Figure 2.34: Comparison of efficiency after different distances
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SAR micromixer with 10 mixing unit after 8.8mm is always higher than 80% when
Re ≤ 1, whereas the mixing efficiency of the basic T-mixer is not acceptable when
Re > 0.5. It means that fluids need to flow so slow in basic T-mixer in order to
obtain the well mixed status. In SAR mixer, fluids flow faster for rapid mixing and
mixing efficiency is still higher than the critical value for well mixing.
Fabrication and characterization results
Representative microscope images of the fabricated micromixers are illustrated
in Fig.2.35. The microchannel of micromixer were 200µm wide and 500µm high with
ellipse-like micropillar of 330µm in length. This configuration was used to fabricate
SAR micromixer in order to validate the numerical simulations.
Figure 2.35: Microscopic images of the SAR micromixer. (a) Top view of SU-8
mold, (b) Bottom view of PDMS based micromixer
Assume that the flow rates of the fluids at the entrance I1, I2, I3 of SAR mi-
cromixer are Fl1, Fl2, Fl3, respectively. The concentration of the fluids are C1, C2,
C3. So, the concentration of the fluid at the outlet channel CT can be derived in the
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following:
C1 × Fl1 + C2 × Fl2 + C3 × Fl3 = CT × FlT (2.25)
CT =
C1 × Fl1 + C2 × Fl2 + C3 × Fl3
FlT
(2.26)
CT =
C1 × Fl1 + C2 × Fl2 + C3 × Fl3
Fl1 + Fl2 + Fl3
(2.27)
where FlT is the flow rate of the fluid at the outlet of SAR micromixer.
Figure 2.36: Concentration and flow rates at the inlet/outlet channels
When C1 is one, C2 and C3 are zero, the Eq.2.27 can be rewritten:
CT =
Fl1
Fl1 + Fl2 + Fl3
(2.28)
Representative experiment results illustrating the performance of the single out-
let micromixer are shown in Fig.2.37. The higher flow rate of fluid at the inlet I1
causes the higher concentration of the sample at the outlet O. According to the
simulation, calculation and measurement results, the proposed numerical model in
COMSOL 4.3 provides accurate predictions of the concentration. This means that
results of mixing efficiency from numerical simulation are also validated.
In the second design (see Fig.2.24b), the fluids at the outlet O1, O2, O3, O4 were
collected and tested separately. The results from absorbance test are listed in Table
2.7. At the same flow rate of 0.004ml/min, the concentration of the outlets of four
sub-channels are nearly the same. It means that the high mixing efficiency of the
fluids can be achieved at this flow rate. When the Fl1 was slightly increased, Fl2
and Fl3 were kept at 0.004ml/min, the concentration of outlets O2, O3 increases,
the concentration of outlets O1, O4 decreases. Thus, the mixture of the outlet of
SAR micromixer is not homogeneous. With these tests, the operation condition of
SAR micromixer can be known.
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Figure 2.37: Outlet concentration of SAR micromixer in different cases
Table 2.7: Concentration of the fluid at the outlet of each sub-channel
Fl1 (ml/min) O1 O2 O3 O4
0.004 18.16% 20.65% 19.35% 17.57%
0.006 11.13% 54.26% 49.05% 6.56%
0.008 3.62% 55.15% 49.09% 6.67%
0.010 6.78% 58.72% 54.63% 7.75%
Cell lysis tests
According to our results (see Fig.2.38) all cases of lysis treatment in the SAR
micromixer were successful in lysing the cells prior to analysis of nucleic acids. From
our NASBA data it is difficult to state whether some treatments, (flow rate and bead
concentration) are better than other. In case I and case II, the amount of silica beads
was stirred in lysis buffer before testing are 50µl and 100µl, respectively. There is
no observable difference between case I and case II. A slight tendency in case IV
and case V could indicate that a higher flow rate in the mixer does not improve the
lysis efficiency.
However, the treatment in the micromixer is comparable lysis by long ultrasound
exposure. Ultrasound lysis has been very successful in our previous work with G.
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Figure 2.38: NASBA results
toebii (data not shown). In all, our SAR micromixer proved to be a good alternative
method for cell lysis. The micromixer has the advantage that it can easily be
integrated into an automatic system for lysis and sample treatment.
2.3 Pretreatment system
2.3.1 Design of pretreatment system
Whole blood undergoes coagulation few seconds after it has left the in vivo
condition [52]. Therefore, the whole blood has to undergo immediate mixing with
the right concentration of EDTA (Trysin–EDTA-solution, Sigma-Aldrich Co. LLC,
USA) after it has left the body. In addition the whole blood has to be mixed with
a weak fixative (PreTectTM, Klokkarstua, Norway) that is ideal for long term con-
servation of DNA, protein and RNA at room temperature [64]. The degradation
process of the RNA starts just a few seconds after the blood has left the host organ-
ism [65]. Therefore, it is very important to secure optimal mixing between both the
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PreTectTM medium and the Heparin (EDTA solution). In this way optimal amplifi-
cation and detection will follow optimal sample preparation and RNA/DNA/protein
purification/extraction. Here we present a design concept of the pretreatment sys-
tem with the focus on developing a potential replacement for traditional sample
container (Fig.2.39).
This device must fit well into the SelfPOCNAD cassette. Thus, the shape of the
pretreatment system was designed to use all the available space on the upper layer of
the cassette. The cylinder-shaped design was selected for the proposed pretreatment
system (see Fig.2.40).
The cylinder-shaped pretreatment system enables integration of micromixers and
microneedles array, and enhances the communication of the pretreatment system
with the SeflPOCNAD cassette. Specifically, a well-designed pretreatment system
will benefit the integration of the pretreatment system into the SelfPOCNAD cas-
sette without alternating the established connections between the SelfPOCNAD
cassette and the industrial prototype control instrument (e.g. pumps, valves, actu-
ators, etc.).
The proposed pretreatment system consists of four main parts as shown in
Fig.2.41, including: (i) Part 1 consists of fluid reservoirs which hold different liq-
uids before being pumped into the system. Part 1 is also directly connected with
microneedles array. (ii) Part 2 is a lid for covering the fluid reservoirs of the Part 1.
(iii) Part 3 is the placement of micromixers which is used for chemical mixing. (iv)
Part 4 comprises a spiral tube for the direct connection to SelfPOCNAD cassette.
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Figure 2.39: A design concept of the pretreatment system
Figure 2.40: Integration of the pretreatment system into the SelfPOCNAD cassette
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2.3.2 Assembly of pretreatment system
The first 3D printed pretreatment system was made by external company. The
complete assembly of 3D printed pretreatment system is shown in Fig.2.42.
Figure 2.42: Assembly of 3D printed pretreatment system
Before sealing the chemical reservoirs and fluid connecting channels, all of the
pretreatment system components should be cleaned in order to work with biological
sample during the pretreatment process. The cleaning process can be divided into
four main steps, including: (i) Wipe inside and outside each part of the pretreatment
system with ethanol and RNase away; (ii) Prepare aluminum foil sheets and wipe
them as well, so they are ready to wrap a finished device for storage; (iii) Fill each
chemicals reservoir and fluid connecting channel of the pretreatment system with
RNase away. Let the RNase away works a bit before emptying the chamber, then
rinse with RNase free water, and let it dry on the foil; (iv) Wrap the device in
aluminum foil for safe storage.
2.3.3 Leakage inspection of pretreatment system
For implementing the leakage test, a blue food dye (Idun Industri AS, Norway)
and DI water were injected by a syringe pump (Fusion 200, Chemyx Inc., USA) into
the inlet channel of the microneedles array and the chemical reservoirs, respectively.
Dye water will make it easier to detect the leakage location in the device. The
pretreatment system was kept stationary for 2-3 hours so that dye water flow through
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the whole device and could have enough time to permeate through any interstice
between chemical reservoirs and the lid as well as between connecting channels. The
result of inspection is shown in Fig.2.43.
Figure 2.43: The syringe pump was used to inject color fluid into the pretreatment
system
It shows that there is no leakage occurs inside or outside of the device. It means
that the pretreatment system works as its function and can be used to transfer the
fluids from micromixer to the SelfPOCNAD cassette.
2.3.4 Integration of the counter-flow system into the pre-
treatment system
The pretreatment system may be in even more useful when the counter-flow sys-
tem from Article I is added. It is possible to combine the microneedle, two different
micromixers and the counter-flow system in one pretreatment system. This would
secure optimal mixing of the whole blood with anti-coagulation media and light fix-
atives before the use of the counter-flow system to concentrate any cells or interest.
Thereafter, another micromixer can secure complete lyses of the concentrated and
separated cells before transferred to the complete extraction process or complete
amplification and detection process.
The counter-flow filtration that is presented in Article I may also be described as
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a continuous concentration of large particles following continuous separation of the
smallest particles (CCLCSS). The main purpose is to be able to remove big particles
or cells in complex liquid, work with large volumes of liquid (e.g whole blood, milk,
saliva or waste water) and to overcome clogging. This may be the main problem
that hinders the widespread use of microfilters for the isolation of biological entities,
e.g. living cells and smaller organelles such as exosomes. In typical ”dead-end” fil-
tration processes, as fluid passes through the filter medium, suspended contaminants
larger than the pore or the aperture size of the filter medium are collected on the
upstream side of the filter medium as the filtered fluid passes through the filtered
medium. As the amount of contaminant accumulates on the upstream side of the
filter medium, the resistance to flow through the filter increases, the volume of fluid
passing through the filter medium decreases and the differential pressure across the
filter medium increases. In counter-flow filtration or CCLCSS technology, particles
within a given size, shape or weight range are allowed to escape the flow through side
channels. Up to 1500-2500 individual filtration units, with the same gap between
the turbine-blades, can be combined together and organized in such a way that the
continuous separation and concentration of complex liquids is optimized. The mod-
ules are further assembled into micro and nano refining (MNR) systems capable of
selective particle extraction/concentration based on size. The principle behind the
whole MNR technology is the following: the first module removes (concentrates)
cells/particles/polymers larger than 25 micron, the following modules sequentially
remove cells/particles larger than 12, 5, 0.5, 0.25µm whereas the last one concen-
trate particles larger than 80nm. The counter-flow filtration and concentration units
described above have so far been applied to the concentration of particles in the mi-
crometer range. The non-clogging, separation, isolation and concentration property
of the system requires removal of particles, cells, putative dispersed macromolecules
larger or different from typical viruses. The ability to reach the desired level of
purification also depends upon the use of micromixers upstream and downstream
the modules within the MNR system in order to continuously homogenize complex
structures or liquids.
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Chapter 3
Conclusions
This thesis presents a study on an automatic pretreatment system for sample
preparation prior to point-of-care diagnostics. The main goals of this project have
been achieved with the proposed design of pretreatment system. It is integrated
with microneedles array and micromixer. The studies on these components were
carefully conducted, including completed chain from design to fabrication and device
characterization.
Firstly, fabrication process for the hollow out-of-plane microneedles array with
a sufficient length to be applied to blood extraction was reported in this thesis. A
combination of the backside lithography and metal deposition techniques was used
to fabricate the high aspect ratio metallic microneedles. This fabrication process
is simple, inexpensive and applicable for mass production. The microneedle size,
height, sharpness can be defined by the aperture diameter on the photomask. Several
experiments were carried out to optimize the fabrication process of microneedle
template. The robustness of the fabricated microneedles has been measured through
mechanical compression tests. Comparing the results with the theoretical model
shows good agreement between the analytical and experimental data. In addition,
these microneedles did not break when inserted into the human skin. It can be
used in not only transdermal drug delivery, but also blood extraction applications.
For further development of microneedles it is recommended that a combination of
cutting of the surface skin and optimal extraction of blood may be the solution. The
penetration of the skin must not block or inhibit the flow of blood out through the
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needle or the microneedle array.
Secondly, a splitting and recombination micromixer with ellipse-like micropillars
has been proposed and investigated. The numerical results obtained from the soft-
ware agree with the measurement results.Numerical results show that micromixer
with ellipse-like micropillars have a well mixing status when its mixing efficiency is
higher than 80% as Re 6 1. This micromixer improved the performance of previous
micromixer (T-mixer) at a low Reynolds number. Moreover, this kind of micromix-
ers may be ideal for a user friendly, rapid and optimal collection and mixing related
sample preparation of whole blood or any other complex human or biological flu-
ids used for point-of-care or point-of-need diagnostic applications and technologies.
Future studies will prove through clinical studies whether a simple micromixer or a
more complex micro
Lastly, this thesis also covers a novel design of an integrated pretreatment system
which is particularly designed to fit into a SelfPOCNAD platform for point-of-care
diagnostics technology. The aim of pretreatment system is to integrate various mi-
crofluidic components in order to build a fully automatic pretreatment system. The
pretreatment system was designed and then fabricated by using 3D printing tech-
nology. The leakage inspection shows that our pretreatment system can transfer
fluids from micromixer into the SelfPOCNAD cassette without any leakage inside
and outside the device. The obtained results are preliminary, but providing a good
indication for further developments. The development of a fully integrated pretreat-
ment system is still a challenge. However, the current design and prototype of the
pretreatment system may represent an optimal functional prototype when it is fully
fabricated. The addition of a continuous concentration and separation device into
the system will make the sample preparation even more complete.
The thesis has made significant contributions to the development of substan-
tial advance system for point-of-care diagnostics technology. There are numbers of
different point-of-care systems on the market that cover various fields of diagno-
sis. However, a major innovation of the proposed pretreatment system will be the
integration of the various microfluidic components to create an automatic sample
pretreatment system. The integration of micromixers in combination with concen-
tration units inside the pretreatment system helps to prevent contamination, reduce
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user intervention, increase the number of application and makes the whole system
more user friendly and robust. The pretreatment system has fulfilled some goals
related to miniaturized lab-on-a-chip approaches, minimal handling time and the
walk-way lab environment including mixing, separating and concentrating of clin-
ical sample. In addition, this system may not only be used for preparing clinical
samples for point-of-care diagnostics, but also for the processing of various kinds of
complex fluids. For example, human fluids, food fluids, waste water, drinking water,
water/soil mixture, water with hard particles, water with different number of ions,
river water, fish farm water, etc.
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